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ABSTRACT:  Discovery  of  new  plasmonic  behaviors  from  nanostructured  materials  can 
be  greatly  accelerated  by  the  ability  to  prepare  and  characterize  their  near-field  behaviors 
with  high  resolution  in  a  rapid  manner.  Here,  an  efficient  and  cost-effective  way  is  reported 
to  make  2D  periodic  nanostructures  on  electron  transparent  substrates  for  rapid  character¬ 
ization  by  transmission  electron  microscopy.  By  combining  nanosphere  lithography  with 
a  substrate  float-off  technique,  large  areas  of  electron  transparent  periodic  nanostructures 
can  be  achieved.  Forthis  study,  the  synthesis  of  plasmonic  nanostructures  of  Ag,  magnetic 
nanostructures  of  Co,  and  bimetallic  nanostructures  of  Ag-Co  are  investigated.  Charac¬ 
terization  of  the  materials  by  a  combination  of  transmission  electron  microscopy,  far-field 
optical  spectroscopy,  and  magnetization  measurements  revealed  that  this  new  approach 
can  yield  useful  nanostructures  on  transparent,  flexible,  and  transferable  substrates  with 
desirable  plasmonic  and/or  magnetic  properties. 


Qi 


1.  Introduction 

The  interaction  of  metallic  and  other  conducting  nanostruc¬ 
tures  with  electromagnetic  waves  can  result  in  important 
resonant  interactions  called  surface  or  localized  plasmons, 
which  are  being  utilized  in  many  different  applications,  in¬ 
cluding  sensing,  energy  harvesting,  data  storage,  catalysis,  and 
more.[1-5]  Progress  in  the  field  of  plasmonics  is  primarily  being 
driven  by  a  good  understanding  of  these  resonant  optical  behav¬ 
iors.  In  recent  years  there  has  been  growing  interest  in  corre¬ 
lating  the  near-field  resonant  behavior  with  the  far-held  optical 
properties  as  several  differences,  such  as  a  red-shift  in  resonant 
position  from  near-  to  far-  held  has  become  evident J6_16]  Near- 
held  studies  have  also  revealed  unique  phenomenon  such  as 
hotspots  due  to  strong  electric  helds,  plasmon  coupling  effects 
such  as  hybridization,  and  fano  resonances. [17~19]  These  near- 
held  effects  have  been  instrumental  in  enabling  behaviors  such 
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as  surface  enhanced  Raman  sensing  (SERS),  localized  plasmon 
resonance  sensing,  and  Kerr  rotation. [20_22]  However,  one  of  the 
important  challenges  in  this  held  to  discover  better  new  mate¬ 
rials  that  go  beyond  the  traditional  plasmonic  materials  of  gold 
and  silver. 

One  way  to  accelerate  the  discovery  of  better  new  plasmonic 
materials  is  by  developing  techniques  to  rapidly  characterize 
the  near-held  behavior  as  a  function  of  nanostrucure  size, 
shape,  spatial  arrangement,  composition,  and  environmental 
variables.  However,  these  features  can  often  vary  rapidly  within 
the  length  scale  of  a  few  nanometers  or  smaller.  For  example, 
the  dipolar  coupling  between  two  closely  spaced  nanoparti¬ 
cles  is  strongly  governed  by  the  size  of  the  gap.[23,24]  Likewise, 
a  small  change  in  shape  or  composition  can  strongly  influ¬ 
ence  the  plasmonic  signal.[25]  Therefore,  to  keep  pace  with  the 
explosion  in  the  various  nanomaterial  synthesis  techniques, 
we  also  need  an  accurate  characterization  of  nanoscale  plas¬ 
monic  behavior  by  techniques  that  can  probe  and  explore  the 
nanomaterials  at  extremely  high  spatial  as  well  as  spectral  en¬ 
ergy  resolution.  Presently,  the  only  known  technique  that  can 
offer  this  ability  is  high  resolution  transmission  electron  mi¬ 
croscopy  (TEM).  TEM  has  been  central  to  the  understanding 
of  important  properties  of  plasmonic  materials,  including  the 
bulk  plasmon  energies,  surface  plasmon  behaviors,  magnetic 
circular  dichroism,  and  ferroplasmons.[26_30]  However,  TEM 
has  traditionally  been  a  very  time  consuming  technique  due  to 
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the  constraint  placed  by  requiring  electron  transparent  materi¬ 
als  for  the  analysis.[31]  This  constraint  often  limits  the  number 
of  samples  one  can  investigate,  thus  restricting  the  pace  of 
discovery  of  new  plasmonic  properties  and  materials. 

Here  we  propose  a  way  to  accelerate  nanostructure  charac¬ 
terization  enabled  by  localized  probing  and  measurement  of 
plasmonic  behavior  through  a  simple  and  time-efficient  exper¬ 
imental  approach  to  produce  electron  transparent  nanostruc¬ 
tures.  Nanosphere  lithography  (NSL)  has  emerged  as  a  good 
candidate  for  patterning  large  areas  and  is  significantly  cheaper 
than  traditional  lithography  techniques  such  as  e-beam  or  pho¬ 
toresist  lithography. [32_35]  Using  this  technique  2D  periodic  pat¬ 
terns  can  be  obtained  over  large  cm  scale  areas.[36-38]  NSL  in¬ 
volves  the  self-assembly  of  colloidal  beads  onto  a  substrate  to 
yield  a  close-packed  arrangement  of  spheres.  This  resulting 
system  can  then  serve  as  a  mask  for  the  subsequent  deposition 
of  material  using  vapor  deposition  techniques. [39]  This  process 
leads  to  the  synthesis  of  periodically  arranged  triangular  struc¬ 
tures,  which  then  can  be  converted  to  semispherical  shaped 
particles  by  thermal  annealing  J32,40]  A  further  modification  of 
the  NSL  technique  that  expands  its  capabilities  is  by  deposit¬ 
ing  the  materials  at  an  angled34, 35, 39, 41]  This  angle  resolved  NSL 
(ARNSL) ,  has  been  used  to  demonstrate  the  synthesis  of  nanos¬ 
tructures  made  from  a  combination  of  different  materials,  i.e., 
multicomponent  nanostructures. [39]  However,  thus  far,  NSL 
has  not  been  applied  directly  to  make  electron  transparent  sub¬ 
strates  that  can  rapidly  yield  high  quality  nanostructures  for 
TEM  analysis. 

Here  we  use  NSL  and  ARNSL  on  ultrathin  carbon  sub¬ 
strates  in  combination  with  a  water-based  float-off  (FO)  process 
to  yield  large  area  ordered  nanostructures  directly  as  electron- 
transparent  substrates.  Specifically,  we  first  demonstrate  the 
synthesis  and  characterization  of  2D  periodic  arrangements  of 
a  prototypical  plasmonic  metal,  silver  (Ag).  Morphology  stud¬ 
ies  by  scanning  electron  microscopy  (SEM)  and  TEM,  as  well 
as  near-  and  far-held  optical  studies  of  the  as-deposited  and 
laser-heated  Ag  were  used  to  determine  the  efficacy  of  this 
new  technique.  We  also  applied  NSL  +  FO  to  prepare  cobalt 
(Co)  nanostructures  and  characterized  their  magnetic  behav¬ 
ior  using  the  surface  magneto-optical  Kerr  rotation  (SMOKE) 
technique.  Finally,  we  combined  ARNSL  with  FO  to  prepare 
bimetal  nanostructures  of  the  Co-Ag  system  and  character¬ 
ized  them  using  SEM,  TEM,  and  SMOKE.  Collectively,  these 
results  demonstrated  our  goal  of  being  able  to  easily  make  pe¬ 
riodic  nanostructure  arrays  on  electron-transparent  substrates. 
In  addition,  other  advantages  of  this  technique  include  the  syn¬ 
thesis  of  large  macroscopic  areas  of  the  2D  periodic  structures 
on  flexible  and  transferable  substrates,  thus  also  permitting 
several  potentially  useful  applications  of  the  nanostructure  that 
are  enabled  by  placing  them  on  nonplanar  shaped  or  flexible 
substrates. [36,42] 


2.  Method 

The  procedure  yielding  large  area  2D  periodic  nanostructures 
on  electron  transparent  carbon  substrates  involves  three  dis¬ 
tinct  steps  (Figure  1).  Step  1  is  the  creation  of  the  NSL  mask 
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Figure  1.  The  schematic  shows  the  three  major  steps  for  the 
TEM  sample  preparation,  a)  Step  1  of  the  synthesis,  which  is 
focused  on  NSL  template  formation.  It  shows  the  formation  of 
NSLtemplateon  plasma  treated  carbon  film  on  mica  substrates, 
b)  Step  2  is  fabrication  of  nanostructures,  which  is  achieved 
by  depositing  metal  films  and  then  etching  out  the  template. 
Further  heat  treatment,  such  as  with  laser  pulses,  can  be  done 
to  the  metal  nanostructures  to  change  their  shape,  c)  Step  3 
is  the  float  off  of  the  carbon  substrate  with  NSL  structures  on 
the  water  surface  which  is  then  captured  on  the  TEM  grid  by 
draining  the  water. 


and  involves  preparation  of  ultrathin  carbon  films  on  a  rigid 
substrate  followed  by  deposition  of  an  array  of  close-packed 
polystyrene  (PS)  beads  onto  the  substrate.  The  array  of  PS  beads 
will  serve  as  the  deposition  mask  for  the  next  step.  Step  2  is 
the  fabrication  of  nanostructures  of  the  desired  material  and 
involves  thin  film  deposition,  etching  of  the  PS  spheres,  and,  if 
needed,  a  thermal  processing  step  to  transform  the  nanostruc¬ 
tures.  The  final  step,  step  3,  is  the  creation  of  the  TEM  sample 
and  involves  float-off  to  make  the  electron  transparent  mate¬ 
rial,  which  is  captured  directly  onto  a  TEM  grid  for  subsequent 
analysis.  The  specific  details  of  the  various  steps  involved  are 
described  in  the  following  sections. 

2.1.  Step  1:  Creation  of  NSL  Mask  (Figure  la) 

The  initial  substrate  for  use  in  the  PS  deposition  was  made 
by  depositing  carbon  onto  V-2  grade  mica  sheets  purchased 
from  Electron  Microscopy  Sciences  Inc.  Thin  films  of  carbon 
were  deposited  on  a  freshly  exposed  surface  of  mica  following 
removal  of  its  top  layers  with  the  help  of  scotch  tape.  An  amor¬ 
phous  carbon  (a-C)  of  thickness  in  the  range  of  5  to  25  nm 
was  sputter  deposited  using  a  SPI  Inc.  carbon  coater  under  a 
vacuum  of  10-4  Torr  with  a  deposition  rate  of  5  nm  min-1  J43] 
After  the  deposition,  the  a-C  films  were  treated  in  an  oxygen 
plasma  to  make  the  top  surface  of  carbon  hydrophillic.  The 
plasma  treatment  was  done  for  10  s  using  a  Technics  Inc.  in¬ 
strument  operating  at  8  V  and  a  current  of  10  mA.  These  plasma 
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treated  carbon  substrates  could  retain  their  hydrophilicity  for 
almost  24  h.  Following  the  plasma  treatment,  the  carbon  sub¬ 
strates  were  ready  for  the  formation  of  a  monolayer  or  bilayer 
of  close  packed  PS  beads.  PS  beads  of  size  500  nm  in  diameter 
were  received  as  2%  w/v  suspension  in  water  from  Alfa  Aesar. 
NSL  masks  were  then  created  by  spin  coating  the  solution  of 
PS  beads  diluted  with  the  mixture  of  Triton-X  and  methanol 
(1:400  volume  ratio)  in  1:1  volume  ratio  to  achieve  the  hexago¬ 
nal  closed  pack  (HCP)  arrangement  of  the  beads. [32]  The  role  of 
the  surfactant,  Triton-X,  was  to  make  the  substrate  wettable  for 
the  uniform  spreading  of  the  PS  beads.  To  achieve  the  HCP  ar¬ 
rangement,  PS  bead  solution  was  spin  coated  at  three  different 
speeds  using  a  programmable  spin  coater  from  Laurell  Tech¬ 
nologies  Corporation  model  number  WS-400BZ-8TFM/LITE. 
The  three  step  coating  consisted  of  spin  coating  at  400  rpm 
for  10  s  to  spread  the  PS  beads  uniformly,  then  at  800  rpm 
for  2  min  to  remove  the  excess  material,  and  finally  at  1400 
rpm  for  10  s  to  remove  the  bead  accumulation  occurring  at  the 
edges. [44]  After  this,  the  sample  was  left  to  dry  under  controlled 
environment  (temperature  maintained  at  22  =t  1  with  relative 
humidity  at  40  =t  5%).  Apart  from  the  carbon  substrate,  the  PS 
beads  were  also  deposited  onto  glass,  quartz  and  400  nm  Si02 
coated  Si  substrates. 


2.2.  Step  2:  Fabrication  of  Nanostructures  (Figure  lb) 

Once  the  mask  was  dried,  the  substrates  were  ready  for 
the  deposition  of  metal  film  onto  them.  Metal  films  of  Ag 
and  Co  were  deposited  inside  a  vacuum  chamber  operating 
at  a  base  pressure  of  2  x  10-8  Torr  to  achieve  monometal  or 
bimetal  systems.  The  Ag  metal  films  were  deposited  using  a 
Mantis  QUAD-EV-HP  e-beam  evaporator  while  the  Co  films 
were  deposited  using  Tectra  e-beam  evaporator.  Metal  targets 
of  99.999%  purity  from  Alfa  Aesar  Inc.  were  used.  Ag  films 
in  the  thickness  range  of  5-40  nm  were  deposited,  while  Co 
films  were  deposited  in  the  range  of  2-10  nm.  The  deposition 
angle  of  the  target  metal  could  be  controlled  by  rotating  the 
sample  holder.  The  deposition  of  the  metals  was  done  at  0° 
and  ±10°  with  respect  to  the  normal  to  the  plane  of  substrate. 
Different  samples  of  Co-Ag  were  made  by  depositing  them  at 
various  angles  mentioned.  After  the  deposition  of  metal  films, 
the  PS  mask  was  etched  out  by  dipping  the  NSL  substrates 
in  dichloromethane.  Depending  on  the  thickness  of  the  metal 
film,  the  etching  time  varied  from  few  seconds  to  around  2  min. 
Once  the  PS  beads  were  etched  out,  the  carbon  substrates  with 
N S  L  or  ARN S  L  were  ready  to  be  transferred  on  to  the  TEM  grid. 
The  deposited  metal  films  on  the  carbon  substrate  were  in  the 
shape  of  triangles. [32,34]  We  also  tested  whether  the  shape  could 
be  changed  by  a  thermal  treatment  of  the  nanostructures  on 
the  C/mica  substrate.  The  Ag  triangles  made  from  5  nm  thick 
film  were  irradiated  using  nanosecond  laser  pulses  to  form 
semispherical  nanoparticles.  The  Ag  samples  were  irradiated 
using  a  9  ns  pulsed  width  Nd:YAG  laser  from  Spectra  Physics, 
which  is  an  injection  seeded  Lab-130-50  laser  operating  at  266 
nm  wavelength  with  a  repetition  rate  of  50  Hz.  The  Ag  metal 
triangles  were  irradiated  at  normal  incidence  in  ambient  air 
environment  using  an  energy  density  of  90  mj  cm-2  for  10  000 
pulses  with  a  beam  size  of  1  mm2  . 


The  periodic  arrays  fabricated  by  NSL  and  ARNSL  on  car¬ 
bon  substrates  were  then  floated  off  onto  the  surface  of  distilled 
water.  Due  to  the  hydrophobic  nature  of  carbon  and  the  weak 
forces  of  adhesion  between  the  carbon  and  the  mica  surface, 
the  surface  tension  of  water  was  able  to  debond  carbon  from  the 
mica  surface  resulting  in  an  electron  transparent  C  +  nanos¬ 
tructure  substrate.  This  substrate  was  directly  captured  onto 
a  lacey  carbon  TEM  grid  by  slowly  draining  of  the  water  as 
detailed  by  Sachan  et  al.[43] 


The  morphology  of  the  NSL  samples  prepared  on  glass,  quartz 
or  400  nm  Si02  coated  Si  substrates  were  characterized  using 
a  Zeiss  Merlin  SEM  operated  at  1.7  lcV.  The  synthesized  NSL 
samples  of  Ag  and  Co  were  also  characterized  for  their  optical 
and  magnetic  properties.  The  far-held  optical  properties  were 
studied  in  transmission  mode  using  a  HR2000  +  ES  spec¬ 
trometer  from  Ocean  Optics  on  glass  and  quartz  substrates. 
The  transmission  spectrum  was  then  converted  to  absorp¬ 
tion  spectrum  using  Beer-Lambert  law.  The  magnetic  study 
of  the  NSL  samples  was  done  using  an  in-house  developed 
surface  magneto-optical  Kerr  effect  (SMOKE)  system.[45’46]  The 
SMOKE  measurements  were  done  in  the  longitudinal  orien¬ 
tation  using  an  s-polarized  laser  beam  of  633  nm  wavelength. 
The  angle  of  incidence  for  the  laser  beam  with  the  normal 
to  the  substrate  plane  was  12.6°.  A  Zeiss  Libra  200  TEM  was 
used  to  characterize  the  NSL  samples  on  the  carbon  substrates 
by  high  angle  annular  dark  held  (HAADF)  mode  and  elec¬ 
tron  energy-loss  spectroscopy  (EELS)  at  200  lcV.  The  TEM  was 
equipped  with  a  monochromator  and  omega  shaped  energy 
hlter.  The  semiconvergent  and  semicollection  angles  were  9 
and  11.9  mrad,  respectively.  The  spatial  and  energy  resolution 
of  the  monochromator  equipped  TEM  in  STEM  mode  was  0.3 
nm  and  0.15  eV,  respectively.  The  low  loss  EELS  was  performed 
using  a  slit  of  0.5  pm  monochromator  slit  with  an  energy  dis¬ 
persion  of  0.025  eV  per  channel  for  a  exposure  time  of  0.1  s. 
Similarly,  core  loss  EELS  analysis  was  performed  by  using  a  60 
pm  monochromator  slit  with  an  energy  dispersion  of  0.1  eV 
per  channel  for  an  exposure  of  1  s.  The  incident  electron  beam 
current  recorded  for  low  loss  and  core  loss  EELS  measure¬ 
ments  was  1.577  and  131.58  pA,  respectively.  Brulcer  XFlash 
5030  energy  dispersive  spectrometer  (EDS)  was  used  to  gather 
the  elemental  information  of  the  metals  in  the  Zeiss  Libra  200. 

It  is  to  be  noted  that  the  color  contrast  of  the  TEM  and  SEM 
images  have  been  inverted  for  visual  clarity.  Since  the  imaging 
in  the  TEM  was  done  in  HAADF  mode,  so,  the  Z-contrast  that  is 
evident  in  HAADF  imaging  will  be  inverted,  i.e.,  higher  atomic 
number  metals  will  appear  darker  in  contrast  in  comparison  to 
lower  atomic  number  metals. 


First,  the  application  of  NSL  +  FO  leading  to  electron  transpar¬ 
ent  nanostructures  is  presented  for  a  prototypical  plasmonic 
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metal,  Ag.  Figure  2a  shows  a  SEM  image  of  typical  Ag  nanotri¬ 
angles  formed  by  the  NSL  technique  using  normal  incidence 
deposition  of  5  nm  thick  Ag  film  onto  quartz  substrates.  The 
inset  of  this  image  is  a  computer  generated  diffraction  pattern 
from  fast  Fourier  transform  (FFT)  analysis  of  the  image  con¬ 
trast.  The  hexagonal  symmetry  was  clearly  evident.  Figure  2b 
shows  a  magnified  image  to  clearly  show  the  repeating  hexag¬ 
onal  unit  for  the  Ag  nanotriangles.  Figure  2c  shows  the  Ag 
nanoparticles  formed  after  irradiating  the  Ag  nanotriangles  of 
Figure  2a  using  laser  pulses.  Figure  2d,  which  is  a  magni¬ 
fied  image  of  (c),  shows  that  each  Ag  triangle  dewets  into  a 
collection  of  nanoparticles  but  retains  the  overall  hexagonal 
symmetry.  Figure  2e  shows  the  TEM  HAADF  image  of  the 
nanotriangles  formed  on  C  substrate  following  the  same  NSL 
conditions  as  in  Figure  2a.  The  overall  pattern  morphology  and 
symmetry  is  similar  to  that  observed  in  the  SEM  image  (Figure 
2a).  An  area  of  15  x  15  pm2  is  covered  by  an  array  of  nan¬ 
otriangles  arranged  in  hexagonal  symmetry,  as  confirmed  by 
the  FFT  shown  in  the  inset  of  Figure  2e.  This  FFT  was  taken 
from  the  marked  location  of  the  image.  Figure  2f,  which  is 
a  magnified  HAADF  image  of  (e),  was  used  to  calculate  the 
spacing  and  triangle  size.  The  length  of  the  angle  bisector  of 
the  largest  equilateral  triangle  than  can  fit  was  115  nm  while 
the  spacing  between  the  adjacent  triangles  was  290  nm.  These 
values  were  consistent  with  the  size  and  spacing  expected  for 
close  packed  arrangement  of  500  nm  sized  beads. [32]  Figure  2g 
shows  the  TEM  HAADF  image  of  Ag  particles  formed  from  the 
triangles  after  pulsed  laser  irradiation  of  the  nanotriangles  on 
C/mica  substrate.  While  there  is  no  change  in  the  hexagonal 
arrangement  of  the  triangles,  as  evidenced  by  the  inset  FFT, 
each  nanotriangle  transformed  into  a  collection  of  3  to  6  semi- 
spherical  Ag  nanoparticles,  similar  to  that  seen  by  the  SEM 
in  Figure  2d.  From  these  results  it  was  clear  that  NSL  +  FO 
can  lead  to  nanostuctures  similar  to  conventional  NSL  on  rigid 
substrates  and  that  the  patterns  could  be  thermally  treated  on 
the  C  substrates  in  order  to  further  transform  them. 

Another  motivation  for  this  work  was  to  show  that  high- 
quality  electron  transparent  materials  can  be  readily  obtained 
and  so  we  performed  a  low  loss  EELS  study  to  characterize  the 
plasmonic  behavior  of  the  Ag  nanotriangles.  Figure  3  shows 
the  low  loss  EELS  study  of  a  single  Ag  nanotriangle  of  thickness 
10  nm  deposited  at  10° .  Figure  3a  shows  the  HAADF  image  of 
a  single  Ag  nanotriangle  of  side  lengths  110,  135,  and  145  nm, 
while  Figure  3b-d  shows  the  EELS  map  of  plasmon  excitations 
at  different  energies:  1.35  =b  0.2,  2.5  ±  0.2,  and  3.2  ±  0.2  eV, 
respectively,  excited  by  the  electron  beam.  The  lightest  (yellow) 
region  represents  the  maximum  plasmon  scattering  intensity 
while  the  dark  (blue)  regions  represent  the  minimum  scatter¬ 
ing.  This  low  loss  EELS  mapping  of  the  Ag  triangle  on  carbon 
substrate  confirmed  that  the  NSL  +  FO  Ag  samples  also  show 
various  excitable  plasmon  modes  on  the  Ag  nanotriangles,  as 
confirmed  by  previous  TEM  studies.[29] 

Besides  the  potential  applications  that  utilize  the  near- field 
properties  of  plasmons,  such  as  in  plasmon  resonance  sensing, 
the  far-held  optical  and/or  magnetic  behavior  of  nanostructures 
are  also  important.  In  addition,  in  the  future,  this  ability  to  fab¬ 
ricate  large  area  ordered  arrays  on  which  both  near-held  TEM 
and  far-held  studies  can  be  done  simultaneously  or  sequentially 
(but  on  the  same  regions  of  the  sample),  to  yield  correlated 
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Figure  2.  a)  SEM  images  of  Ag  nanotriangles  formed  by  NSL 
on  quartz  substrate.  Inset  shows  the  FFT  of  the  contrast  in  (a) 
providing  clear  evidence  for  the  hexagonal  symmetry,  b)  Magni¬ 
fied  image  of  the  repeating  Ag  nanotriangle  hexagonal  pattern, 
c)  SEM  image  of  Ag  nanoparticles  formed  by  irradiation  of  Ag 
nanotriangles  on  quartz  using  pulsed  laser  heating,  d)  Magni¬ 
fied  image  of  the  irradiated  Ag  nanotriangles,  e)  TEM  HAADF 
image  of  the  Ag  nanotriangles  formed  by  NSL  +  FO.  The  un¬ 
derlying  lacey  carbon  film  of  the  TEM  substrate  is  also  evident. 
Inset  shows  the  FFT  (taken  from  the  red  square)  showing  evi¬ 
dence  forthe  hexagonal  symmetry  ofthe  spatial  arrangement,  f) 
Magnified  TEM  image  of  the  Ag  nanotriangle  repeating  unit,  g) 
TEM  HAADF  image  of  the  Ag  nanoparticles  transformed  from 
nanotriangles  following  irradiation  by  laser  pulses  formed  by 
NSL  +  FO.  Inset  FFT  shows  the  hexagonal  symmetry,  h)  The 
magnified  image  ofthe  irradiated  Ag  nanotriangle  patterns.  The 
scale  baron  the  individual  hexagonal  ring  images  is  500  nm. 


Figure  3.  Low  loss  EELS  mapping  of  a  Ag  nanotriangle  on  C 
substrate,  a)  HAADF  image  of  Ag  nanotriangle,  b-d)  Map  of 
different  plasmon  modes  excited  by  the  e-beam  b)  corresponds 
to  an  energy  of  1 .35  eV,  c)  is  for  2.5  eV,  and  d)  is  3.2  eV. 


properties  from  complementary  techniques  could  be  tremen¬ 
dously  powerful  in  our  quest  for  new  nanomaterials.  Here,  we 
performed  far-held  studies  of  the  optical  and  magnetic  prop¬ 
erties  of  the  various  triangles  made  on  quartz  substrates.  In 
Figure  4a  the  far-held  optical  absorbance  measured  for  light 
incident  normal  to  the  substrate  plane  is  compared  for  Ag  nan¬ 
otriangles  formed  from  different  him  thickness.  As  the  him 
thickness  increased,  the  strong  absorption  peak  corresponding 
to  a  localized  surface  plasmon  resonance  (LSPR)  was  found  to 
blue-shift,  consistent  with  the  earlier  studies  of  Jensen  et  al.[33] 
and  Chan  et  al.,[47]  who  attributed  it  to  a  pyramidal-shape  effect. 
The  far-held  LSPR  behavior  for  Ag  semispherical  nanoparti¬ 
cles  formed  by  laser  irradiation  of  5  nm  thick  Ag  nanotriangles 
(whose  LSPR  is  not  shown  here  since  it  is  at  a  wavelength  be- 
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Figure  4.  a)  Far-field  optical  absorption  spectrum  of  Ag  nano¬ 
triangles  for  various  thickness  of  the  triangular  nanostructures. 
Also  shown  is  the  absorption  spectrum  for  the  Ag  nanoparti¬ 
cles  formed  by  pulsed  laser  heating  (dashed  blue  line),  b)  SEM 
morphology  of  Co  nanotriangles  from  NSL  on  quartz,  with  inset 
showing  the  FFT  hexagonal  pattern,  c)  Comprison  of  the  far 
field  optical  absorption  spectrum  from  Co,  Ag,  and  Co-Ag  nan¬ 
otriangles  deposited  at  10°,  respectively,  d)  Magnetic  hysteresis 
measured  by  SMOKE  technique  in  longitudinal  geometry  com¬ 
paring  a  Co  film  (solid  black  line),  NSL  Co  nanotriangles  (dotted 
red  line),  and  NSL  Co-Ag  triangles  (dashed  green  line).The  Co 
triangles  were  deposited  at  1 0°  and  Co-Ag  was  deposited  at  1 0° 
and  —10°,  respectively. 


yond  1000  nm)  is  shown  by  the  dashed  blue  line.  The  LSPR  of 
the  Ag  nanoparticles  is  substantially  blue  shifted  as  compared 
to  the  nanotriangles  it  was  made  from,  which  is  consistent  with 
the  shape  effect  discussed  previously. [33]  Figure  4b  shows  the 
SEM  morphology  of  Co  nanotriangles  formed  by  NSL  by  de¬ 
position  of  10  nm  thick  film  at  10°.  The  inset  again  depicts  the 
hexagonal  symmetry.  Figure  4c  compares  the  optical  absorp¬ 
tion  spectrum  of  Co  (10  nm)  and  Ag  (29  nm)  samples  deposited 
at  10°.  Unlike  Ag,  pure  Co  does  not  show  a  strong  plasmonic 
signal  in  the  visible  wavelength  (Figure  4c,  black  line),  con¬ 
sistent  with  our  recent  results  on  Ag  and  Co  nanoparticle s.[26] 
However,  since  Co  is  ferromagnetic,  it  shows  strong  magneto¬ 
optical  character,  which  can  be  used  to  measure  its  magnetic 
hysteresis.  This  measurement  is  shown  in  Figure  4d,  which 
compares  the  hysteresis  of  a  continuous  Co  film  (solid  black 
line)  with  the  NSL  Co  nanotriangles  (dotted  red  line). 

Given  the  growing  number  of  plasmonic  discoveries  related 
to  the  use  of  multicomponent  materials  and  interest  in  ap¬ 
plications  pertaining  to  strong  magneto-optical  behavior  from 
bimetallic  materials,[19,26’48_53]  we  investigated  the  possibility  to 
control  the  synthesis  of  bimetal  nanostructures  on  quartz  and 
the  electron  transparent  C  substrates  using  the  NSL  technique. 
As  has  been  described  by  Nemiroslci  et  al.,[39]  ARNSL  can  yield 
a  variety  of  geometries  of  nanostructures  made  from  multiple 
different  materials.  Here,  we  extended  this  technique  to  directly 


making  electron  transparent  substrates,  something  not  demon¬ 
strated  earlier.  We  compared  the  ARNSL  model  prediction  for 
simple  Co-Ag  nanotriangle  structures  and  characterized  them 
using  TEM  and  SMOKE  techniques,  as  discussed  next. 

The  capability  of  making  various  nanostructures  using 
ARNSL  is  achieved  by  using  the  projection  of  shadows  casted 
by  beads  in  the  path  of  the  material  flux  being  deposited.  Math¬ 
ematically,  the  shadows  can  be  modeled  by  simply  taking  the 
projection  of  the  bead  when  obstructed  by  a  light  source,  which 
is  elliptical  in  shape.  With  respect  to  Figure  5a,  The  elliptical 

shadow  of  the  PS  bead  can  be  described  as  y  =  RSin9^eR2— , 
where  R  is  the  radius  of  PS  bead  and  0  is  the  projection  angle  of 
material  being  deposited.[54]  The  pattern  formation  for  ARNSL 
depends  on  the  orientation  of  the  HCP  structures  formed  by 
PS  beads  with  respect  to  the  line  of  sight  of  deposition.[54]  The 
difference  in  the  patterns  depend  on  the  two  different  angles 
as  shown  in  the  schematic  in  Figure  5a.  The  angle  tells  the 
orientation  of  the  HCP  structure  with  respect  to  the  fixed  axis 
in  the  x-y  plane  and  6  is  the  angle  made  by  the  material  depo¬ 
sition  vector  (p)  with  the  z-axis.  By  controlling  these  angles  a 
wide  variety  of  structures  can  be  formed  as  can  be  seen  in  Fig¬ 
ure  5.  Some  of  these  structures  have  been  simulated  to  show 
how  the  variation  in  the  structures  can  be  made  using  ARNSL. 
Figure  5b  shows  a  single  metal  deposited  at  0  =  0°  and  O  = 
0°.  Figure  5c, d  shows  the  theoretical  structure  for  deposition 
of  bimetals  (shown  by  red  and  blue  color)  at  6  —  ±10°  and 
0  =  0°  and  90°,  respectively.  In  Figure  5e,f,  the  experimental 
SEM  image  for  bimetal  Ag  and  Co  deposition  under  the  con¬ 
ditions  of  (c)  is  shown,  with  (f)  being  the  magnified  image  of 
a  repeating  hexagonal  unit.  The  difference  in  contrast  for  the 
two  metals  is  due  to  their  different  atomic  (Z)  numbers.  The 
comparison  shows  that  each  hexagonal  ring  is  made  of  pairs  of 
metal  triangles  arranged  in  a  similar  fashion  for  the  simulated 
and  experimental  cases.  Similarly,  Figure  5g,h  corresponds  to 
the  experimental  structure  for  Ag  and  Co  generated  with  the 
conditions  for  the  image  shown  in  (d).  Figure  5h  is  a  magnified 
image  showing  the  repeat  unit  for  the  SEM  image  shown  in 
(g).  Similarity  in  arrangement  of  the  pairs  of  triangles  with  the 
theoretical  prediction  is  evident. 

Next,  the  synthesis  of  bimetal  Co-Ag  triangles  on  the  elec¬ 
tron  transparent  substrates  was  also  tested.  Figure  6a  shows 
the  TEM  HAADF  image  of  the  overlapping  triangles  formed 
by  deposition  of  the  individual  metals  onto  C  at  10°  and  —10°, 
respectively,  with  respect  to  the  normal  to  the  substrate  plane. 
The  deposited  films  of  Ag  and  Co  were  10  nm  each  in  thick¬ 
ness.  The  color  contrast  in  the  HAADF  images  comes  from 
the  difference  in  the  Z-number  of  the  two  elements  (inverted 
as  mentioned  earlier  under  Section  3).  The  darker  triangles 
correspond  to  Ag  and  the  lighter  ones  to  Co.  In  Figure  6b,  a 
magnified  HAADF  image  of  one  pair  of  triangles  (marked  by 
the  red  circle  in  Figure  6a)  is  shown.  This  triangle  pair  was 
mapped  for  its  elemental  distribution  using  core  loss  EELS. 
Figure  6c, d  shows  the  core  loss  EELS  elemental  mapping  of  Ag 
and  Co  metal,  respectively.  Figure  6c  was  generated  using  the 
Ag-M4,5  ionization  edge  at  367  eV.  The  map  also  represented 
the  thickness  profile  of  Ag  using  core  loss  EELS  analysis.  Sim¬ 
ilarly,  the  thickness  profile  of  the  Co  region  is  shown  in  Figure 
6d,  and  was  generated  using  the  Co-L2,3  ionization  edge  at  77 9 
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Figures,  a)  The  coordinate  system  forthe  modeling  of  ARNSL. 
x-y  is  the  plane  of  the  substrate  with  z-axis  acting  as  the  normal 
to  the  plane,  p  is  the  vector  denoting  the  direction  of  the  metal 
flux  and  makes  an  angle  6  with  the  z-axis.  O  is  the  orientation 
of  the  HCP  with  respect  to  the  coordinate  system.  Some  of  the 
simulated  patterns  are  shown  in:  b)  Simulated  pattern  for  a 
single  metal  deposition  with  0  =  0°  and  O  =  0°.  c)  Simulated 
pattern  of  bimetals  deposited  at  0  =  ±1 0°,  =  0°.  d)  Simulated 
pattern  for  0  =  ±10°,  <£>  =  90°.  e)  Experimental  SEM  image  of 
Ag  (bright  triangles)  and  Co  (dark  triangles)  deposited  for  the 
conditions  in  (c).  f)  SEM  image  of  repeating  hexagonal  pattern 
shown  in  (e).  g)  Experimental  SEM  image  of  Ag  (brighttriangles) 
and  Co  (dark  triangles)  deposited  for  the  conditions  in  (d). 
h)  SEM  image  of  the  repeating  unit  shown  in  (g).  A  hexagon 
is  marked  in  the  SEM  images  for  reference  and  to  show  the 
repeating  units  of  NSL.  The  length  of  the  scale  bars  in  (f)  and 
(h)  are  of  500  nm  each. 


eV.  The  optical  and  magnetic  behavior  of  this  Co-Ag  is  shown 
in  Figure  4c, d,  respectively.  The  overlap  of  the  Co  with  Ag 
shifts  the  Ag  LSPR  to  red  wavelengths,  an  effect  previously  re¬ 
ported  for  bimetallic  nanoparticles  of  Ag-Co.[55]  The  hysteresis 
measured  by  SMOKE,  and  shown  in  Figure  4(d,  dashed  green 
line)  confirmed  the  ferromagnetic  character  of  the  Co  triangles 
in  contact  with  Ag.  It  should  be  noted  that  our  SMOKE  mea¬ 
surements  were  made  with  a  633  nm  laser,  far  from  the  LSPR 
peak  location  of  ^750  nm  seen  for  this  bimetal  triangle  system 
in  Figure  4c.  Therefore,  the  enhanced  magneto-optical  signal 
that  is  expected  around  the  LSPR  resonance  was  not  detected 
in  our  measurements. [56]  A  different  set  of  Co-Ag  triangles  on 
the  electron  transparent  carbon  substrate  was  also  investigated 
by  elemental  mapping  using  the  EDS  technique  in  the  TEM. 
The  hexagonal  arrangement  of  the  triangle  can  be  seen  in  the 
HAADF  image  shown  in  Figure  7a.  The  Co  and  Ag  were  de¬ 
posited  at  10°  and  —10°,  ^respectively.  Figure  7b, c  shows  the 
EDS  maps  of  Co  (blue)  and  Ag  (red)  metals,  respectively.  From 
these  results  we  concluded  that  predictable  electron  transpar¬ 
ent  samples  containing  multiple  different  materials  can  be 
prepared  by  the  NSL  +  FO  technique. 


5.  Conclusion 

We  have  described  a  simple  and  efficient  way  to  make  2D 
periodic  nanostructures  of  different  metals  on  electron  trans¬ 
parent  substrates.  Nanostructures  of  plasmonic  Ag,  ferromag¬ 


Figure6.  a)  The  HAADF  image  of  Co-Ag  nanotriangles  formed 
by  deposition  at  10°  and  —10°,  respectively,  b)  A  magnified 
HAADF  image  of  one  pair  of  Co-Ag  nanotriangles,  encircled 
in  (a),  c)  Core  loss  EELS  map  yielding  the  thickness  of  Ag  in 
the  structure  shown  in  (b).  Core  loss  EELS  map  yielding  the 
thickness  of  Co  for  the  structure  shown  in  (b). 


(a)  (*»  (O 


Figure  7.  Elemental  mapping  of  Ag  and  Co  using  EDS  in  the 
TEM.  a)  HAADF  image  of  Co  (dark)  and  Ag  (bright)  triangles,  b) 
EDS  map  of  Co  across  the  HAADF  image  shown  in  (a),  c)  EDS 
map  of  Ag  across  the  HAADF  image  shown  in  (a).  The  scale  bar 
is  of  500  nm  length. 

netic  Co,  and  bimetal  structures  of  Co-Ag  were  synthesized  by 
nanosphere  lithography  on  ultrathin  carbon  films.  The  nanos¬ 
tructure  array/carbon  system  could  be  easily  detached  from  an 
underlying  mica  support  by  immersion  in  water,  resulting  in 
transferable,  flexible,  and  large  area  electron  transparent  ma¬ 
terials.  This  technique  could  help  accelerate  discovery  of  new 
plasmonic  phenomenon  and/or  better  nano  structured  materi¬ 
als  for  plasmonic  and  magnetic  applications. 
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